Abstract-Perinatal conditions (such as preterm birth) can affect adult health and disease, particularly the cardiovascular system. Transient neonatal high O 2 exposure in rat in adulthood (a model of preterm birth-related complications) leads to elevated blood pressure, vascular rigidity, and dysfunction with renin-angiotensin system activation. We postulate that neonatal hyperoxic stress also affects myocardial structure, function, and expression of renin-angiotensin system components. Sprague-Dawley pups were kept with their mother in 80% O 2 or in room air (control) from days 3 to 10 of life. Left ventricular function was assessed in 4-, 7-, 12-week-old (echocardiography) and in 16-week-old (intraventricular catheterization) male O 2 -exposed versus control rats. At 16 weeks, hearts from O 2 -exposed rats showed cardiomyocyte hypertrophy, enhanced fibrosis, and increased expression of transforming growth factor-β1, senescence-associated proteins p53 and Rb, upregulation of angiotensin II type 1 (AT1) receptor expression (protein and AT1a/b mRNA), and downregulation of AT2 receptors. At 4 weeks (before blood pressure increase), the expression of cardiomyocyte surface area, fibrosis, p53, and AT1b was significantly increased and AT2 decreased in O 2 -exposed animals. After 4 weeks of continuous angiotensin II infusion (starting at 12 weeks), O 2 -exposed rats developed severe heart failure, with impaired myocardial mechanical properties compared with saline-infused rats. Transient neonatal O 2 exposure in rats leads to left ventricular hypertrophy, fibrosis and dysfunction, and increased susceptibility to heart failure under pressure overload. These results are relevant to the growing population of individuals born preterm who may be at higher risk of cardiac dysfunction when faced with increased peripheral resistance associated with hypertension, vascular diseases, and 
T welve percent of infants are born preterm (before 37 weeks of gestation) and 1.5% extremely preterm (before 29 weeks). Since the mid-1980s, ≈90% of these infants survive, including the most premature ones; accordingly, it is estimated that currently ≈10% of all young adults were born preterm and 1% very preterm 1 (March of Dimes; http://www.marchofdimes. com/mission/globalpreterm.html). Long-term health consequences of preterm birth are only starting to be revealed, and recent studies of adolescents and young adults report higher blood pressure (BP), increased incidence of hypertension, and indices of vascular dysfunction 2 ; however, the impact of preterm birth on cardiac structure and function in adults is unknown.
Preterm infants have lower and less inducible antioxidant defences 3 and are exposed on birth to high concentrations of O 2 relative to intrauterine life and to pro-oxidant conditions. 3, 4 This oxidative injury is an important pathogenic factor in classical short-term complications of prematurity (such as retinopathy of prematurity and bronchopulmonary dysplasia). 5 Experimentally, we have shown that neonatal high O 2 exposure in young adult rats leads to elevated BP, vascular dysfunction with increased response to angiotensin II (Ang II) suggesting renin-angiotensin system (RAS) activation, 6 and increased vascular stiffness. 7 However, the impact of high O 2 exposure on heart development and cardiac function remains unknown. Cardiomyocytes are in active proliferation ≤36 weeks of gestational age in humans and ≤2 weeks after birth in rats. 8, 9 We therefore postulate that, in susceptible/immature individuals, deleterious neonatal conditions such as exposure to high O 2 can significantly affect the development of myocardial structure and function. Further, affected individuals could be at higher risk of cardiac dysfunction when faced with increased peripheral resistance and BP elevation.
In cardiovascular disease, RAS plays a major role in vascular dysfunction, cardiac hypertrophy, and fibrosis through Ang II acting predominantly on its type I receptor (AT1) 10, 11 triggering downstream mechanisms such as the profibrotics transforming growth factor-β1 (TGF-β1) and hypoxic-inducible factor-1α (HIF-1α), 12 as well as senescence-associated pathways. 13 Activation of the RAS in the kidneys, brain, and systemic vasculature plays a key role in the elevation and maintenance of BP in experimental models associated with deleterious perinatal conditions including transient neonatal high O 2 exposure. 6, 14 However, the effect of neonatal pro-oxidant conditions on cardiac RAS components has not been reported. To determine whether neonatal hyperoxia exposure impaired cardiac development and predisposed to cardiac dysfunction, myocardial structure, and function, expression of cardiac RAS components, as well as TGF-β1, HIF-1α, and senescenceassociated proteins, was determined in young, 4-week-old, and adult, 16-week-old rats infused or not with Ang II.
Materials and Methods
Sprague-Dawley pups were kept with their mother in 80% O 2 using an oxycycler (ProOx P110, Biosherix, Lacona, NY) from days 3 to 10 of life (group O 2 , n=9 litters) as previously described. 6 To avoid maternal morbidity associated with O 2 toxicity, the mother was interchanged every 12 hours with a surrogate mother of a litter maintained at room air (NO 2 group). Pups from the control group were maintained in room air with their mother (without interchange; n=9 litters). Pups were weaned at 4 weeks to regular chow. Only male offspring were studied. Results obtained from NO 2 group are not different to controls, suggesting no deleterious effect of neonatal intermittent separation from mothers (data not shown). The number of pups per litter was culled to 12 (6 males and 6 females) and no >3 animals (males) per litter were used in the study, for a total n=27 rats per group. At 4, 7, and 12 weeks, systolic BP (SBP) and heart rate were assessed by the tail-cuff method (50-001 Rat Tail BP System, Harvard Apparatus, Holliston, MA) after 1-week adaptation to the holder and equipment. At the same time points, echocardiography was performed under isoflurane anesthesia (2:1 isoflurane:O 2 ) with body temperature maintained stable (detailed description at Methods in the online-only Data Supplement). At 16 weeks, SBP, mean BP, and diastolic BP were assessed by femoral catheterization (conscious), followed by a left ventricular (LV) function assessment by intraventricular catheterization (anesthetized; Methods in the onlineonly Data Supplement). Hearts were sampled for biochemical and histological analysis at 4 or 16 weeks. To verify that the interchanging of mothers had no impact on current study outcomes (as we had previously shown for BP and vascular function), 6 a group of pups from the room air/mother interchanged litters (n=6) was assessed at 4 weeks: heart/body weight ratio (cardiac hypertrophy index) and echocardiography measures were all similar to the control group; the group was therefore not further included in current study.
To assess predisposition to develop cardiac dysfunction, 12-weekold control and O 2 -exposed animals were submitted to subcutaneous infusion with Ang II (100 ng/kg per minute, Sigma-Aldrich, Toronto, ON, Canada) 15 or saline through mini-osmotic pumps (Alzet, Cupertino, CA) implanted under inhaled isoflurane anesthesia (2:1 isoflurane:O 2 ) for 2 or 4 weeks. Then, intra-arterial and intraventricular pressures were recorded (under isoflurane anesthesia) in n=6 to 8 rats per group, and hearts were dissected for histological and molecular analysis (further detailed description at Methods in the onlineonly Data Supplement). All experimental procedures were approved by the Animal Ethics Committee of the Hospital Sainte-Justine Research Center and followed the guidelines of the Canadian Council on Animal Care and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Results

Cardiac Hypertrophy and Dysfunction in Young and Adult O 2 -Exposed Versus Control Rats
As previously shown, 6 tail-cuff SBP was significantly increased at 7 and 12 weeks, but not at 4 weeks, and heart rate was significantly increased at 12 weeks, but not at 4 and 7 weeks, in O 2 -exposed versus control animals (Table) . Body weight was not different between controls and O 2 at all time points studied. At 4 weeks, reduced systolic function assessed by fractional shortening (FS) that is characterized by an increased LV internal diameter in systole was observed in O 2 -exposed versus controls. At 7 weeks, O 2 -exposed rats presented LV concentric hypertrophy, revealed by an increase in the LV posterior wall thickness in diastole and LV mass, a decrease in systolic and diastolic function indicated by smaller FS (characterized by an increased LV internal diameter in systole) and mitral valve peak velocity of the mitral E wave and in E/A ratio and increased deceleration time. At 12 weeks, the heart further remodeled to develop LV eccentric (or dilated) cardiac hypertrophy with systolic and diastolic dysfunction in O 2 -exposed rats. The intraventricular septal thickness in diastole, LV posterior wall thickness in diastole, LV internal diameter in diastole, and LV internal diameter in systole and LV mass were increased, whereas FS and mitral valve peak velocity of the mitral E wave and in E/A ratio were decreased and deceleration time was increased in O 2 -exposed versus controls rats.
Intra-arterial BP recordings in conscious animals were higher in the 16-week-old O 2 -exposed versus control animals (SBP: 151±3 versus 110±3; mean BP: 134±4 versus 93±2; diastolic BP: 125±5 versus 84±2 mm Hg, respectively; all P<0.001; n=6 per group). Heart rate was not different between groups (323±7 versus 344±15 bpm). LV end-diastolic pressure was increased by 6 mm Hg, and maximum (+dP/dT) and minimum (−dP/dT) derivatives reduced in O 2 -exposed rats ( Figure 1A-1C ), indicating impaired LV systolic and diastolic function versus control animals. The heart/body weight ratio, a cardiac hypertrophic index, was slightly increased in O 2 -exposed animals (2.82±0.03 versus 2.67±0.06 mg/g; P=0.03; n=6-8 per group), whereas body weight was not changed (567±13 O 2 -exposed versus 559±22 g) compared with control animals.
Histological analysis of LV cardiac sections at 4 ( Figure 3A and 3B). Expression of profibrotic factor TGF-β1 was similar between groups at 4 weeks but increased in O 2 -exposed at 16 weeks ( Figure 3C ). HIF-1α, however, was more expressed in O 2 -exposed at 4 and 16 weeks ( Figure 3D ). Senescence-associated proteins p53 and Rb were increased in the myocardium of O 2 -exposed 16-week-old rats; at 4 weeks, only p53 was significantly increased and no difference between groups was noted for Rb ( Figure 4A and 4B).
Expression of the RAS Components
AT1 receptor protein expression and AT1a mRNA in the LV were not different between groups at 4 weeks but increased in O 2 -exposed animals at 16 weeks ( Figure 5A and 5B). AT1b mRNA expression was increased in both young (4 weeks) and adult (16 weeks) O 2 -exposed groups ( Figure 5B ). AT2 protein and gene expressions were significantly reduced at 4 and 16 weeks in O 2 -exposed rats ( Figure 5A and 5B). No difference between groups was observed in angiotensin-converting enzyme protein expression at either age studied ( Figure 5A ).
Impact of Ang II Infusion on Hemodynamic Parameters and Cardiac Function
SBP (measured in the carotid under isoflurane anesthesia; Figure 6A ) and the heart/body weight ratio ( Figure 6B ) similarly increased after 2 weeks of Ang II infusion (initiated at 12 weeks) in control and O 2 -exposed groups; no further increase was observed after 4 weeks of infusion. In saline-infused animals, there was no difference in SBP between groups, but heart/body weight ratios were higher in O 2 -exposed versus control animals after 2 or 4 weeks of infusion. LV end-diastolic pressure in control animals increased after 2 weeks of Ang II infusion without further increase after 4 weeks, whereas in O 2 -exposed animals LV end-diastolic pressures that are elevated compared with control rats were not modified after 2 weeks but increased after 4 weeks of Ang II ( Figure 6C ). In control rats, +dP/dT and −dP/dT remained unchanged after 2 weeks of Ang II infusion and decreased after 4 weeks of Ang II infusion ( Figure 6D and 6E). In O 2 -exposed rats, +dP/dT and −dP/dT increased after 2 weeks but were markedly reduced after 4 weeks of Ang II infusion to values lower than Ang II-infused control rats, indicating severe systolic and diastolic dysfunction and progression to heart failure.
Discussion
This study reveals that transient neonatal high O 2 exposure resulted in structural and functional changes in the myocardium of young (4 weeks, before rise in BP) and adult rats with fibrosis, enhanced AT1 to AT2 receptor expression ratio, and upregulation of senescence-associated proteins. Adult O 2 -exposed rats also displayed an increased susceptibility to develop heart failure under Ang II infusion. At 4 weeks, O 2 -exposed rats showed decreased FS (assessed by echocardiography), suggesting premature LV systolic dysfunction. These results are similar to changes observed in other experimental models of hypertension such as the genetic spontaneously hypertensive rat, in which LV dysfunction is also verified prior the BP increase. 16 , 17 Dupont et al 16 recently showed that 3-week-old spontaneously hypertensive rat developed LV systolic dysfunction with decreased FS and impaired LV diastolic function, suggesting early diastolic dysfunction. In addition, in spontaneously hypertensive rat, interstitial fibrosis and LV hypertrophy accompany BP elevation at an adult age. Similar to spontaneously hypertensive rat, where cardiomyopathy progresses from concentric to eccentric LV hypertrophy later in life (≈18 months), with systolic dysfunction and LV chamber dilation, 18 in our model such transition occurs earlier at 12 weeks when dilated (eccentric) hypertrophy is accompanied by systolic and diastolic dysfunction.
To assess whether O 2 exposure predisposed rats to cardiovascular disease development, we used the well-known model of Ang II infusion. 15 Under these conditions, both groups (control and O 2 -exposed) developed cardiac hypertrophy and elevated BP, whereas only O 2 -exposed animals showed severe systolic and diastolic dysfunction after 4 weeks of Ang II infusion. Interestingly, after 2 weeks of Ang II infusion, O 2 -exposed rats presented a significant increase in LV myocardial contractility and relaxation compared with control Ang II-infused animals, characteristic of a compensatory response. The mechanisms eliciting early compensatory response were not investigated in the current study but may include exacerbated fibrosis and myocardial hypertrophy. As we previously reported, 6 BP of O 2 -exposed versus control animals was significantly increased when measured in conscious animals using tail-cuff and intra-arterial (femoral), but was not different under anesthesia. Current studies were not designed to undermine the reason why anesthesia would abrogate the BP difference between groups but one can postulate that specific mechanisms underlying developmentally programmed higher BP such as central nervous system/sympathetic activity and vascular function can be particularly attenuated by general anesthesia. 14 Few studies have described the developmental programming of cardiac dysfunction after different perinatal deleterious conditions. In a model of intrauterine growth retardation induced by intrauterine hypoxia and nutrient restriction during pregnancy, Xu et al 19 reported LV hypertrophy and diastolic dysfunction at 4 and 7 months accompanied by increased ventricular fibrosis and increased susceptibility to ischemia/ reperfusion injury. In this model, male offspring presented at birth larger hearts compared with controls although this difference tended to decrease at 4 months and then worsened at 12 months. 20 In a mouse model the association of antenatal lipopolysaccharide-induced inflammation with neonatal hyperoxia also caused LV dysfunction at 8 weeks. 21 Recently, Bensley et al 22 assessed long-term (9 weeks) impact of preterm birth on the heart growth in sheep and observed increase in cardiomyocyte volume, collagen deposition, and alteration in cardiomyocyte maturation verified by increased nuclear ploidy; the impact on heart function was not reported in this model. These data support current results suggesting that cardiac changes occur prematurely in animals exposed to deleterious perinatal conditions that may translate into maladaptive responses to cardiovascular risk factors in the adult.
The RAS is one of the main mechanisms leading to cardiovascular and renal dysfunction in hypertension, and the most effective antihypertensive drugs antagonize this system. The present results reveal activation of the cardiac RAS by AT1/AT2 receptor imbalance after neonatal O 2 exposure. Interestingly, these changes were present at 4 weeks, before significant BP elevation, with a significant decrease in AT2 protein and gene expressions and increased AT1b receptor mRNA expression although AT1 protein was not significantly different between groups. At 16 weeks, the imbalance is more evident in O 2 -exposed rats with important increases of AT1a and AT1b receptor protein and mRNA levels, and a sustained reduction in AT2 receptor protein and mRNA. AT2 receptor is involved in fetal development because of its high systemic expression in the fetus and its downregulation after birth. 23, 24 The role of the AT2 receptor in cardiovascular development was described in AT2 receptor-deficient mice 25 that develop at very early ages (7 and 14 days) increased both body and heart weight although the heart/body weight ratio is decreased. At 8 weeks, however, these mice show myocardial hypertrophy and increased heart/body weight ratio.
AT1 receptors are involved in the maturation and growth of the heart during fetal and postnatal development, and the use of AT1 blockers during pregnancy is associated with cardiac malformations. 26 However, persistent upregulation of AT1 receptors later in life can lead to myocardial hypertrophy and changes in contractility. 27 In our study, upregulation of AT1 receptors could contribute to the development of cardiac remodeling and to cardiac compensating/decompensating responses during Ang II infusion in O 2 -exposed rats. Supporting a role for early upregulation of AT1 expression in cardiac remodeling, transgenic mice overexpressing AT1 receptor specifically in cardiomyocytes also develop myocardial hypertrophy, fibrosis, and progression to congestive heart failure as adults (4-5-month) 28 ; cardiac changes in these transgenic mice also occur independently of changes in BP. Using the same transgenic model, Rivard et al 29 also showed that increased AT1 receptor is associated with an early decrease in systolic function. More recently, Yasuda et al 30 have generated the same transgenic mice in angiotensinogen-knockout background and showed that upregulation of AT1 receptor in the heart leads to cardiac remodeling even in the absence of Ang II. AT1 receptors are also known to stimulate cardiac fibrosis, in ) for 2 and 4 weeks, starting at 12 weeks, in oxygen (O 2 )-exposed vs control adult rats. A, Systolic blood pressure; B, cardiac hypertrophy index (heart/body weight ratio). C, Left ventricular (LV) end-diastolic pressure; D, maximum (+); and E, minimum (−) LV dP/dT, indicative of myocardial inotropy (contractile) and lusitropy (relaxation) assessed by in vivo intraventricular catheterization, in controls and O 2 -exposed rats. *P<0.05, **P<0.01, and ***P<0.001 for group comparisons, γP<0.05 comparing differences obtained with Ang II infusion between O 2 -exposed vs control groups, n=4 to 8 rats per group, 2-way ANOVA and Bonferroni post hoc test. Data presented are mean±SEM.
by guest on August 30, 2017 http://hyper.ahajournals.org/ Downloaded from part, via the TGF-β1 pathway. 31 This study shows myocardial fibrosis early, at 4 weeks, as well as in adults; however, TGF-β1 expression was increased in adults only. It could be postulated that in adults, increased expression of TGF-β1 could be secondary to higher BP in O 2 -exposed rats and thereby contributes to the development of LV diastolic dysfunction. Moreover, the profibrotic mechanism and also oxygen-sensitive HIF-1α is upregulated before the elevation of BP and seems to be a potential mechanism stimulating early fibrosis in O 2 -exposed rats. In addition, cross-talk between Ang II/AT1 receptor and HIF-1α was previously described in human pulmonary artery fibroblasts, 12 suggesting HIF-1α as a downstream factor stimulated by Ang II-activating profibrosis pathways. The current studies also show increased expression of senescence-associated proteins p53 and Rb in O 2 -exposed rats. In the heart, the aging process is characterized by increased interstitial and perivascular fibrosis, as well as cardiomyocyte hypertrophy, 32 a process accelerated in the presence of increased cardiac afterload such as hypertension, ultimately leading to heart failure. In humans, few studies have examined cardiac consequences of perinatal deleterious conditions.
Epidemiological studies have highlighted a geographic relationship between rates of infant mortality (a surrogate marker of low birth weight) and the incidence of ischemic heart disease measured. 33, 34 Barker et al 35 also noted a link between impaired placental growth (which leads to fetal malnutrition and low birth weight) and adult heart failure. Low birth weight has been associated with reductions in total cardiac diameter and LV outflow tract in 9-year-olds and with concentric ventricular hypertrophy in adults. 36, 37 To our knowledge, however, very few studies have evaluated the cardiac repercussions of preterm birth itself. Mikkola et al 38 reported increased interventricular septum thickness and decreased LV end-diastolic diameter in 5-year-olds born at 28 weeks of gestation as compared with values of a reference population. Thus, current data corroborate clinical and epidemiological data suggesting that neonatal high O 2 exposure in an immature individual could be a risk factor for cardiac disease at adult age.
In conclusion, the current study highlights the existence of early cardiac dysfunction in young and adult rats exposed to high O 2 as newborns and the increased susceptibility to develop heart failure under Ang II infusion in the adult. Importantly, cardiac structural and functional alterations occur before the onset of high BP and are associated with an early and sustained increase in AT1/AT2 receptor expression ratio, a candidate mechanism contributing to the prohypertrophic, profibrotic, and senescence-associated changes observed in the hearts of O 2 -exposed rats.
Perspectives
Although the association among oxidative stress, cardiovascular disease, and aging is well known, the fact that a transient exposure to O 2 -related oxidative conditions in the newborn period can lead to changes in myocardial tissue, perpetuated to adulthood, and leading to conditions such as heart failure is to our knowledge a novel concept which had not been reported. Considering that fetal/neonatal deleterious conditions can have differing developmental programming effects on cardiovascular diseases and dysfunction between males and females, in experimental models and in humans (including preterm born individuals), and that pathways and mechanisms to adult diseases can also differ between sexes, 39, 40 one cannot indistinctly transpose current findings to females. Nevertheless, these results are of major importance for the growing population of former prematurely born individuals, the first generation of survivors now reaching their 30s to 40s. Recognition that former premature infants carry an increased cardiovascular risk is particularly important because they might often not present classical risk factors, such as obesity 41 and dyslipidemia, 42, 43 and familial risk factors might not be present. 
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